INTRODUCTION
Monothalamous (single-chambered) foraminifera bearing mineral particles in their cytoplasm are a common component of the meiofauna in coastal waters. They have been reported from Georgia (USA) (Habura and others 2008; Goldstein, communication 2006) , the south coast of England (Larkin and Gooday, 2004) , the northern Black Sea (Anikeeva, 2005) , the Arctic (Gooday and others, 2005; Majewski and others, 2005; Sabbatini and others, 2007) , and the Antarctic (Gooday and others, 1996) . Specimens of this type have also been collected for DNA study in Scotland, Norway, Russia, Cuba, and Canada (Pawlowski and others, 2008; unpublished data) . Despite this relatively wide occurrence, only two species have been described: Psammophaga simplora Arnold (1982) from shallow waters of California's Monterey Bay, and Allogromia crystallifera Dahlgren (1962) from the Gullmar Fjord on the west coast of Sweden. The tests of both species are pyriform or ovoid with a single aperture at one end, but their compositions differ: Psammophaga simplora is finely agglutinated, while A. crystallifera has an organic theca typical of allogromiids.
Traditional classifications use wall type to separate P. simplora and A. crystallifera, placing them in the agglutinated Astrorhizida and the organic-walled Allogromiida, respectively (Loeblich and Tappan, 1987) . However, molecular phylogenetic analyses based on partial SSU rDNA sequences show that A. crystallifera and Psammophaga-like species branch together among the monothalamous foraminifera, in a strongly supported clade E (Pawlowski and others, 2002b) . Sister to this clade is Vellaria zucchellii, the Antarctic organic-walled species devoid of mineral inclusions (Sabbatini and others, 2004) . Since then, many new rDNA sequences of mineral-bearing foraminifera have been obtained, all of them grouping together in phylogenetic trees others, 2005, 2008) .
As part of a study of the molecular phylogeny and diversity of Antarctic foraminifera, we investigated foraminiferal species living in Admiralty Bay of King George Island. With a total area of 120 km 2 , this is the largest fjord in the entire South Shetlands archipelago. It comprises a main channel .500 m deep, and three major inlets with water depths down to 100-200 m (Fig. 1) . The climate and hydrography of Admiralty Bay is typical of the South Shetlands (see for short overview). Almost half of the Admiralty Bay shoreline is occupied by tidewater glaciers and icefalls that have been retreating for at least the last few decades (Braun and Gossmann, 2002; Pudełko, 2008) , creating dynamic marine environments (e.g., Majewski and Tatur, 2009) . In this kind of setting, monothalamous foraminifera are commonly present but have been only recently reported (Majewski and others, 2007) .
Here, we focus on two foraminiferal species from Admiralty Bay that bear mineral particles. We describe their morphology, analyze their mineral inclusions, and infer their phylogenetic position based on molecular data. One of the species, Psammophaga magnetica ( Fig. 2) , is described as new. The other (Fig. 3) is most similar to A. crystallifera, which we transfer to the genus Psammophaga.
MATERIAL AND METHODS

SAMPLING
Samples were collected between March 23-April 7, 2007 as a part of a general survey of monothalamous foraminifera (Majewski and others, 2007;  Fig. 1 and Table 1 ). They were collected between 8-254 m water depth (mwd), using a Van Veen sampler operated from M/S Polar Pioneer, as well as a core sampler and SCUBA divers. The specimens were isolated from the upper 2-3 cm of surface sediments. Immediately after recovery, the sediment samples were gently washed over a set of sieves with cold sea-water and stored at ,2uC. The .125-mm residues were scanned for living foraminifera. Specimens for molecular study were transferred one by one into guanidine or AP1 (DNAEasy, Qiagen) extraction buffer, while those for morphological study were fixed in formalin. The remaining sediment resides were fixed with 70% ethanol diluted in sea water for population studies of soft-walled foraminiferal assemblages (Majewski and others, 2007) .
MORPHOLOGICAL STUDY
Living specimens were photographed immediately after isolation using a Leica stereomicroscope with reflected light, while fixed specimens were photographed in the laboratory using an Olympus photomicroscope with transmitted light. Scanning electron microscope (SEM) micrographs were obtained using a Phillips XL20 in SE and backscattered (BSE) modes. Wall surfaces were investigated after critical point drying of some specimens. Chemical composition of mineral grains was analyzed using energy dispersive X-ray spectrometer (EDS) detector.
MOLECULAR ANALYSIS
A 39 fragment of the SSU rRNA gene was successfully amplified for several specimens from Admiralty Bay and other Antarctic localities. The foraminiferal specific primer s14F3 and universal eukaryotic primer sB were used for the first amplification. The foraminiferal specific primer s14F1 and primer sB were used for reamplification. PCR conditions and primer sequences are described in Pawlowski (2000) .
The amplified PCR products were purified using High Pure PCR Purification Kit (Roche Diagnostics). They were ligated in the Topo Cloning vector (Invitrogen), and cloned using ultracompetent cells XL2-Blue MRF (Stratagene). Sequencing reactions were prepared using an ABI-PRISM Big Dye Terminator Cycle Sequencing Kit and analyzed with an ABI-PRISM 3100 sequencer (Applied Biosystems), all according to the manufacturer's instructions. Twentyseven new sequences of Psammophaga magnetica and Psammophaga cf. P. crystallifera have been deposited in the GenBank with accession numbers FN995268-FN995286 and FN995293-FN995300.
The obtained sequences were aligned with 44 partial SSU rDNA sequences of different mineral-bearing and other monothalamous foraminifera. The alignment of 70 se-FIGURE 1. Maps showing A location of King George Island off the Antarctic Peninsula, B Admiralty Bay, and C sampling stations. On map C, dark grey areas are glacier free (Battke, 1990) . Bathymetric contours (in meters) after Straten (1996) . Circle numbers correspond to station (KG) numbers listed in Table 1 . Circle sectors indicate percentages of Psammophaga magnetica (light grey) and Psammophaga cf. P. crystallifera (dark grey) in the total assemblage of monothalamous foraminifera (modified from Majewski and others, 2007). quences was carefully checked manually using Seaview (Gouy and others, 2010) and it is available from the correspondence author upon request. Phylogenetic analyses were performed using maximum likelihood (PhyML) programs as implemented in Seaview (Gouy and others, 2010 ). The GTR+G+I model was selected by MODEL-TEST (Posada and Crandall, 1998) . The support for internal branches was inferred using 100 bootstrap replicates.
SYSTEMATICS
We follow Adl and others (2005) in placing the class Foraminifera in the supergroup Rhizaria. The higher level classification of Foraminifera is under revision based on molecular phylogenetic data (Pawlowski, in prep.) . Traditionally, the monothalamous foraminifera were split between agglutinated and organic-walled genera, placed in the orders Astrorhizida and Allogromiida, respectively (Loeblich and Tappan, 1987) . However, the validity of this taxonomic division has been invalidated by molecular phylogenies showing monothalamous species with agglutinated and organic-wall intermingling in ribosomal trees (Pawlowski and others, 2002a (Pawlowski and others, ,b, 2003 (Pawlowski and others, , 2005 Type material. A specimen collected at station King George 5 (KG5) (62u06.2479 S, 58u19.7779 W, 35 mwd) and preserved in formalin was selected as the holotype. It is deposited in the Museum of Natural History in Geneva, registration number MHNG GEPI 2010-1 (Figs. 2A, B) . A total of 300 specimens (100 from the type locality), fixed in formalin and ethanol, were analyzed for the morphological and population studies. From them, eight specimens from sites KG4, KG5, and KG13 fixed in formalin are deposited in the Museum of Natural History in Geneva MHNG GEPI 2010-2-4 (Table 2) .
Diagnosis. Test free, single-chambered, ovoid to elongate, up to 0.6 mm in length and 0.3 mm in width; single terminal aperture; wall transparent, organic, with smooth outer surface; cytoplasm granular, white to grey. Numerous mineral inclusions concentrated at the apertural end.
Etymology. The name refers to the magnetite, the principal component of mineral particles found inside the cytoplasm of the species.
Overall appearance. Elongate, elliptical theca with length usually ranging 0.20-0.59 mm, width between 0.12-0.27 mm, and test length-to-width ratio between 2.0-3.2 ( Table 2 ). The apertural (proximal) end is usually more pointed than the slightly broader apical (distal) end (Fig. 2) . The thin (,10 mm) wall is transparent, with a shiny, reflective surface (Fig. 2) . The aperture is clearly visible, single, terminal, rounded, and projecting beyond the general outline of the theca. It seems not to be prolonged into any internal structure. The cytoplasm is white and transparent, with fine granules. It fills the theca entirely and bears the numerous mineral particles, which are concentrated at the apertural end.
Mineral particles. While sorting living specimens, strong magnetism of Psammophaga specimens was noted. That phenomenon pointed to unusual mineral composition of at least some of mineral particles within their cell bodies. The tests of several specimens were disrupted and their contents viewed under the SEM. Together with the sometimes numerous diatom tests (e.g., Fig. 4C .1), the disrupted specimens contained mineral grains of two types. A great majority showed brightly white in BSE mode (e.g. Fig. 4E ), indicating their high specific gravity. The EDS analyses conducted on ,40 of those particles revealed their high Fe and Ti contents with maximal Fe to Ti atomic ratios of 1:1, typical for ilmenite. However, in most cases the ratios were well above this value, identifying those grains predominantly as magnetite and titanoferous magnetite. Because of FIGURE 2. Psammophaga magnetica sp. nov. A,B Holotype F33-01 from locality KG5. C Specimen F20-10 from KG13. D Specimen F20-05 from locality KG13. E Specimen F12-03 from KG4. F Specimen F33-02 from locality KG5. G Specimens from locality KG8. H Specimens from locality KG4. I Elongated form with two apertures (one at each end) from locality KG12. J-L SEM images of two specimens from locality KG5 that show slight shrinkage; L is a close-up view of the apertural region of K specimen. FIGURE 3. Psammophaga cf. P. crystallifera. A,B Specimen F38-10 from locality KG16; B shows apertural end with internal prolongation of aperture. C Specimen F40-06 from locality KG14. D Specimen F40-04 from locality KG14. E Specimen F38-07 from locality KG16. F Elongated form with two apertures, specimen F32-10 from locality KG5. G Specimens from locality KG1. H Specimens from locality KG14. I-K SEM images of specimens from locality KG5 that show pronounced apertures due to partial shrinkage: K is a close-up view of the apertural region of J specimen. their high density, these mineral particles can easily be seen as bright white spots on the BSE images (Figs. 4A.2, B .2, C.2, D, E, and Figs. 5A.2, B, C). These high-density grains occasionally reach up to 50 mm in size (e.g., Figs. 4B.a, C.2, E and Figs. 5B, C). In some specimens, along with numerous magnetite grains (m), several feldspar (f) and quartz (q) grains were also encountered; they appear gray on the BSE images (e.g. on Fig 4B.2) , and a few of them were distinctively larger in size (up to 100 mm) than the magnetite grains (Figs. 4C.2 , 5B). As well illustrated by comparison between Figs 4C.2 and 4E, there is great variability in the number of mineral particles. In different specimens they may vary in number from a few dozen to several hundred.
Molecular characterization. 19 SSU rDNA sequences of P. magnetica have been obtained, including 10 sequences from Admiralty Bay, 8 from McMurdo Sound, and 1 from Terranova Bay (Ross Sea). All sequences were of the same length (994 nt) and had very few single nucleotide substitutions (,99% divergence). No particular structures (introns, insertions, deletions) were observed. Phylogenetic analysis of P. magnetica sequences show them branching as sister group to sequences of Psammophaga from Svalbard, within a radiation that includes also two sequences of Psammophaga collected in Dunstaffnage (Oban, Scotland). This radiation is strongly supported by 96% bootstrap values, but the relationships within it are not well resolved (Fig. 6) .
Distribution. Living P. magnetica was found at 17 locations in Admiralty Bay, between 16-254 mwd (Table 1 , Fig. 1 ). It was commonly found in low numbers, ,0.15 specimens per cm 2 , but at one location (KG4) at 17 mwd it occurred in great abundance at .100 specimens per cm 2 . Genetically identical species were also reported from several localities in Ross Sea (see below).
Remarks. Psammophaga magnetica differs from P. simplora Arnold, 1982 by its larger and more elongate test, as well as its organic wall composition. However, the latter feature appears to be quite variable in Psammophagidae. In Svalbard, Majewski and others (2005) noted presence of four morphotypes of Psammophaga sp. with more transparent types inhabiting shallower settings and opaque, finely agglutinated Psammophaga sp. 4 dominating between 150-345 mwd. Clearly agglutinated and predominantly organic-walled morphotypes of Psammophaga were also noted by Gooday and others, (2005) . In Admiralty Bay, no such gradation was observed. Specimens from all sites exhibited fully transparent walls, indicating their organic, non-agglutinated composition. The new species differs from P. crystallifera (Dahlgren, 1962) in its more slender form and the location of the aperture at the end of a pronounced neck. The mineral particles are concentrated near the apertural end in P. magnetica, while they seem to more widely spread within the cytoplasm of P. crystallifera.
Psammophaga cf. P. crystallifera (Dahlgren, 1962) Allogromia crystallifera Dahlgren, 1962, p. 451, 452, pls. 1, 2 Description. Test free, unilocular, spherical to ovoid; wall organic; aperture single with short internal tube; cytoplasm white, containing mineral particles. Length 0.32-0.53 mm, width 0.25-0.32 mm, length-to-width ratio between 1.2-1.8 (Table 2) . Vouchers: MHNG GEPI 2010-5-6.
Remarks. Dahlgren (1962) described and illustrated his species from Gullmar Fjord, Sweden and assigned it to the genus Allogromia Rhumbler (1904) . However, in molecular phylogenetic trees, Allogromia laticollaris Arnold (1948) and other representatives of this genus branch far away from clade E, which includes all monothalamous foraminiferans bearing mineral particles (Pawlowski and others, 2002b) . The morphological features characteristic of Allogromia, such as ovoid to spherical organic theca and single aperture, can be found in many unrelated monothalamous foraminiferans others, 2002b, 2003) . Therefore, we transfer Dahlgren's species to Psammophaga, focusing on the presence of mineral particles distributed more or less evenly throughout the cytoplasm as the principal distinctive character of this genus.
The Antarctic specimens differ from the Swedish specimens in being more spherical and having a lesspronounced aperture. In fact, the overall shape of the Swedish specimens is more similar to that of P. magnetica. Moreover, the mineral particles are evenly spread within the cytoplasm of the Antarctic specimens, while they tend to be concentrated in the apertural region of the type specimens. Despite these morphological differences, the SSU rDNA sequence obtained from an Admiralty Bay specimen differs only by a single nucleotide from that of specimens from Gullmar Fjord. Therefore, we decided to designate the Antarctic morphospecies as Psammophaga cf. P. crystallifera until its relationship with the Scandinavian species is confirmed by more sequence data (see below).
DISCUSSION DISTRIBUTION OF ANTARCTIC PSAMMOPHAGA
The two mineral-bearing species described here are among the most abundant monothalamous foraminiferans in Admiralty Bay (Majewski and others, 2007) . They were encountered in all but three samples collected from 18-254 m mwd (Table 1, Fig. 1 ). They were absent in the shallowest samples, those localities nearest the glacier's edge (KG18 and KG2), and in KG 19 collected from the southern slope of Napier Rock that is under influence of rather strong water-currents. Living Psammophaga magnetica usually outnumbered Psammophaga cf. P. crystallifera. However, at KG1 and KG16 (20 and 30 mwd), Psammophaga cf. P. crystallifera predominated. Psammophaga magnetica reached its greatest abundance of .100 specimens per cm 2 at KG4 (17 mwd), while Psammophaga cf. P. crystallifera was most abundant at KG5 (35 mwd), numbering 3.5 specimens per cm 2 . Unlike many other allogromiid foraminifera, Psammophaga seems to be restricted to shallow water. In Admiralty Bay, Psammophaga cf. P. crystallifera was not found deeper than 108 mwd, while below 100 mwd, P. magnetica was present in low numbers only (,1.3 specimens per cm 2 ; Table 1 ). Both species were also found at shallow depths (,30 mwd) in various localities in McMurdo Sound-P. magnetica being present at almost all sampled sites (New Harbor, Gneiss Point, McMurdo intake, Terranova Bay), while Psammophaga cf. P. crystallifera was found mainly near McMurdo intake site others, 1996, Pawlowski and others, 2002a) . On the other hand, no specimens of Psammophaga were found in the samples collected from below the Ross Ice Shelf, at 800 m depth (Pawlowski and others, 2005) , or in the deep Southern Ocean (Pawlowski and others, 2008) .
Antarctic psammophagids are closely related to similar morphospecies from the Northern Hemisphere. Like many other monothalamous foraminiferans, the morphospecies P. magnetica and P. crystallifera have bipolar distribution. However, the genetic distance between northern and southern populations is much smaller than in other genera investigated (Pawlowski and others, 2008) . The sequence divergence between P. magnetica from Admiralty Bay and Svalbard averages 0.7-1.3%, while the specimens of Micrometula and Gloiogullmia differ between the same localities by ,4% (Pawlowski and others, 2008) . The divergence is even smaller between Admiralty Bay and Scandinavian populations of P. crystallifera, which differ by only one substitution in helix 46 of the SSU rRNA gene. Such a small divergence could result from relatively recent migration, but it could also reflect a slow rate of evolution in polar Psammophaga. More variable genetic markers, such as ITS rDNA, would be necessary to test the bipolarity in both genera, but unfortunately our attempts to amplify this region were not successful until now. 
INCORPORATION OF MINERAL PARTICLES
The most distinctive aspect of Psammophaga species is their capability to incorporate mineral particles into their cytoplasm. It appears that the two species from Admiralty Bay can selectively incorporate terrigenous grains from the sediment into their cells. They favor magnetite and titanoferous magnetite, which are the densest minerals readily available in Admiralty Bay, where they originate from volcanic rocks and glacial deposits. The relative abundances of these mineral grains in sediment versus foraminifera have not been calculated, but in sea-floor sediment they never approach the nearly 100% concentrations found within the Psammophaga cells; thus, these foraminifera appear to be selective. Grain selectivity, according to size and specific minerals or particles, is not uncommon among foraminifera in agglutinated test construction. Makled and Langer (in press ) propose a mechanism for preferential incorporation into foraminiferal tests of weakly magnetic ilmenite (FeTiO 3 ). They argue that minerals of high electron density form charged dipols that are particularly easy for foraminiferal pseudopods to detect. In addition, functional OH 2 or carboxyl-groups, present in pseudopods, may favor the adsorption to the charged surfaces of the titanium-containing minerals. Allen and others (1999) argued that a small percentage of heavy minerals provides no significant increase in overall specific gravity of agglutinated test and therefore no advantage to the organism. However, among relatively light, organic-walled allogromiid foraminifera increased buoyancy seems to be the factor. It has been proposed that presence of mineral grains inside their cells helps soft-walled foraminiferans anchor themselves in very soft mud (Nyholm, 1957; Dahlgren, 1962) . In the case of P. magnetica from Admiralty Bay, it was observed that its apertural end loaded with mineral grains had significantly lower buoyancy than the rest of its cell and helped to maintain stability of entire specimen. It is not clear, however, whether this interpretation holds for all psammophagids.
Neither Dahlgren (1962) nor Arnold (1982) provided information about the origin of the intracellular mineral particles observed in their respective species. Dahlgren described those within P. crystallifera as ''being high light refractive'' and ''clearly visible through the test,'' and Arnold noted that P. simplora does not seem to select the particles ingested, which generally represented the mineral composition of its sedimentary environment. Also, Arnold observed that the treatment with hydrofluoric acid has removed most, but not all of the ingested mineral fragments.
The apparent ability of Psammophaga cf. P. crystallifera and P. magnetica to selectively incorporate mineral grains into their cytoplasm makes them especially attractive for studies on the interactions between foraminifera and their environment. However, this selectivity needs to be tested for in other members of the genus. Our preliminary study of Psammophaga-like species collected in Howe Sound (British Columbia) confirmed the presence of titanoferous magnetite crystals in their cytoplasm (Bowser, communication) , although the local sediment does not seem to be particularly rich in this type of minerals.
Only one specimen of Psammophaga cf. P. crystallifera, among six from Admiralty Bay and four from McMurdo Sound, provided a SSU rDNA sequence similar to that of P. crystallifera from Gullmar Fjord. All other specimens show sequences branching closely to another monothalamous species, Hippocrepinella hirudinea (Fig. 6) . This species, which has a distinctive tubular agglutinated test (Heron- Allen and Earland, 1932) , is present in all of our Antarctic samples that yielded psammophagids. We have sequenced five specimens of H. hirudinea from the same localities as P. magnetica and Psammophaga cf. P. crystallifera, but their sequences were never identical to those found in these Antarctic psammophagids. In three cases, namely isolates 2976 and 3183 of P. magnetica and isolate 8145 of Psammophaga cf. P. crystallifera, we obtained both types of sequences from the same single-cell DNA extracts.
It is hard to explain these observations on the basis of what we know about foraminiferal biology and their rRNA genes. These genes are widely used to infer phylogenetic relationships among foraminifera and to examine their genetic diversity (Pawlowski, 2000; Bowser and others, 2006) . Most of the studies are based on single-cell isolates that usually show homogenous sequences with small (,1%) intra-individual polymorphism (Pawlowski and Lecroq, 2010 ). The few cases in which different foraminiferal sequences were obtained from the same isolate were explained by the presence of associated organisms in large, presumably dead, agglutinated foraminiferal tests (Lecroq and others, 2009 ). The case reported here is different, as the majority of examined specimens of Psammophaga cf. P. crystallifera show the same extraneous rDNA sequences.
We can only speculate about the origin of these strange sequences. First, they may represent a squatter or parasite that lives inside Psammophaga cf. P. crystallifera and can occasionally invade P. magnetica, as in the case of isolate 2976. Finding similar sequences in the test of the calcareous species Glandulina antarctica Parr, 1950 (Fig. 6) , and in an undetermined allogromiid sarcode, favors this hypothesis. If this is correct, the sequences of H. hirudinea from Admiralty Bay, McMurdo Sound, and Svalbard would also correspond to a squatter or a parasitic species. If so, the question remains: What is the authentic sequence of H. hirudinea? The second possibility is that, despite their strong morphological differences, the Psammophaga cf. P. crystallifera is closely related to H. hirudinea and is unrelated to the P. crystallifera in Scandinavian fjords. In this case, the genus Psammophaga is not monophyletic and the sequence found in the isolate 8145 represents contamination. Finally, the sequences could be the result of unusual transfer of rRNA genes from H. hirudinea to the ancestor of Psammophaga cf. P. crystallifera, followed by their almost total replacement, with occasional exceptions, such as isolate 8145, which yielded both types of genes.
None of these explanations seems plausible but the evidence is too strong to believe that this is simply an artifact or a result of cross-contamination. We report this puzzling case in order to raise the question of a possible heterogeneity of rRNA genes in some unicellular eukary-otes. Evaluating the accuracy of using the rRNA genes for species identification, as well as for assessing eukaryotes diversity in environmental samples, depends on resolving problems such as this.
